To determine the relationship between within-litter birth weight variation and pre-weaning survival and weight gain, and to provide practical guidance on fostering low-birth-weight piglets, we analyzed piglet survival and weight gain in litters of piglets from 52 sows followed through eight consecutive parities. Litters with high variation in birth weight had more deaths, especially if the litter's mean birth weight was low. High variation in birth weight was also associated with high variation in weaning weight, but was not significantly related to mean weaning weight. Piglets with birth weights well below the range of most of the litter ('low-birth-weight piglets') were more likely to die than their litter-mates, but their weight gains were normal for their birth weight if they survived. These piglets experienced particularly low survival in larger litters and litters from sows of sixth parity or older. Litters containing low-birth-weight piglets started, on average, with more piglets born alive and had a lower pre-weaning survival (with the majority of deaths being low-birth-weight piglets), but did not wean significantly more piglets than litters without low-birth-weight piglets. The majority of litters had a negatively skewed distribution of birth weights, with more piglets well below the mean than well above it. Our data are consistent with the hypothesis that high variation in birth weight contributes to reduced survival, at least for litters of low mean birth weight, and to variable weaning weights. Our data also support the hypothesis that in terms of survival, small piglets have a competitive disadvantage compared to their heavier litter-mates, a disadvantage that is exacerbated in large litters and litters from older sows. Our data suggest that selection for increased litter size that results in more low-birth-weight piglets per litter may not be beneficial unless measures are undertaken to improve the survival of low-birth-weight piglets.
Introduction
There is relatively little solid evidence about birth weight variation within litters and its effects on piglet survival and weight gain. The impact is often inferred from the negative relationship between survival and birth weight variation (Fahmy et al., 1978; Pettigrew et al., 1986; English et al., 1977) . However, the correlation between birth weight variation and survival may be confounded by the tendency for litters with variable birth weights to be larger and have more low-birth-weight piglets (Van der Lende and de Jager, 1991) and to be from older parity sows (Pettigrew et al., 1986) . Experimental studies, which have controlled for these confounded variables, have produced conflicting results. A study of birth weight variation between litters with similar mean birth weight found that pre-weaning survival was higher in litters of 11 piglets with reduced birth weight variation (English et al., 1977) ; however, another experiment found that in healthy litters of average birth weight, the amount of variation in birth weight had little effect on piglet survival or weight gain (Milligan et al., 2001a) .
Litters with high levels of birth weight variation are claimed to have lower survival because of direct competitive exclusion of light litter-mates from access to functional and productive teats (English et al., 1977; English and Morrison, 1984) . Larger piglets may also compete indirectly with their littermates by stimulating and/or draining their teats more effectively and may thus direct a larger fraction of hormones and nutrients involved in milk production to their respective teats (Fraser et al., 1979; Thompson and Fraser, 1986; Algers et al., 1991) . Such indirect competition between litter-mates may explain why the differences in body weight at birth are often maintained or increased throughout lactation.
Pig producers are commonly encouraged to intervene so that less competitive piglets will survive and achieve adequate milk intake. One common strategy is to cross-foster piglets between litters (English, 1998) in order to equalize the number of pigs per litter and minimize birth weight variation (Straw et al., 1998) . Cross-fostering to ensure that low-birth-weight piglets compete with litter-mates of similar size is particularly encouraged because low-birth-weight piglets are presumed to be at greatest risk of being excluded from the udder by heavier litter-mates (English, 1998) . Small piglets are presumed to be at even greater risk if there are many litter-mates because of the increased number of competitors, and with older sows because of more variable access to functional teats (Cutler et al., 1999) .
There is also little direct evidence that litter-mate size has an impact on the weight gain or survival of lowbirth-weight piglets. In one study, fostering low-birth-weight pigs into litters with other low-birth-weight pigs was found to improve their survival and weight gain relative to similar-sized pigs that were not fostered (Marcatti Neto, 1986) , but a similar study found no such effect (Aherne, 1999) . In our research, raising low-birth-weight piglets with much heavier litter-mates, versus slightly heavier litter mates, resulted in slightly more deaths among low birth-weight piglets, but had no effect on total deaths in the litter or on the weight gain of low-birth-weight piglets (Milligan et al., 2001b) . However, because that study excluded very light and unhealthy piglets, litters with greater than 12 piglets, and sick sows, it may have eliminated those piglets most likely to be disadvantaged by intense sibling competition.
In this paper, we analyzed piglet survival and weight gain in relation to piglet birth weight and within-litter birth weight variation in order: (1) to describe patterns of within-litter birth weight variation, and (2) determine the effect of within-litter birth weight variation on pre-weaning survival, weight gain, and variation in weaning weights.
Materials and methods
The study used 416 Yorkshire and Yorkshire × Landrace litters from the Centre for Food and Animal Research herd near Ottawa. The litters represented the first eight litters born to each of 52 sows between 1981 and 1995. Sows were housed throughout farrowing and lactation in standard far rowing crates (0.5 m × 2 m) in pens (1.5 m × 2 m). All sows with complete records for their first eight litters were included. Piglets were weighed to the nearest 5 g when they became ready for initial processing between 08:00 and 14:00 h. Weight at weaning (on the Thursday closest to the day when the piglets reached 28 days of age) was recorded for each piglet that survived the suckling period. One hundred and eighty-two litters were altered by the addition or removal of piglets, after birth weights were obtained but before weaning, for routine cross fostering or experimental purposes. Both altered and unaltered litters were included in analysis of variables recorded at birth (total number of piglets born, number of live piglets, percent of piglets born alive, mean birth weight, birth weight coefficient of variation (CV) and parity). Analysis of variables recorded at weaning (number of piglets weaned, mean weaning weight, weaning weight CV, and percent survival to weaning) did not include the 182 altered litters. Variables recorded at birth did not differ significantly between the altered and unaltered litters as determined by analysis of variance. Unless noted otherwise, all statistical analysis was carried out using SYSTAT MGLH (Wilkinson, 1990) .
Simple Pearson correlations were calculated among number of live piglets, mean birth weight, and birth weight CV and the dependent variables percent survival to weaning, mean weaning weight, and weaning weight CV.
Analysis of variance was used to study the effects of parity on the total number of piglets born, number of piglets born alive, percent of piglets born alive, mean birth weight, and birth weight CV. Sows were divided into four parity groups representing gilts (parity 1), second parity sows (2), middle-aged sows (3-5), and old sows (6-8). The effect of parity was tested against a litter error term after removing the effect of individual sows as a blocking term. For analysis of percent of piglets born alive, mean birth weight, and birth weight CV, the effect of parity number was tested after adjusting for the number of piglets born.
Analysis of covariance (ANCOVA) was used to assess the relationship between percent survival to weaning and other variables: number of piglets born alive, mean birth weight, birth weight CV, and the interaction of mean birth weight and birth weight CV. ANCOVA was also used to assess the relationship between weaning weight CV and other variables: number of piglets born alive, mean birth weight, birth weight CV, and mean weaning weight. After entry of the above covariates the relationship of parity to percent survival to weaning, mean weaning weight, and weaning weight CV was also assessed. All effects were tested against a litter error term after removal of the sow effect as a blocking term.
In a separate analysis piglets were divided into two 'birth weight classes' (Robert et al., 1995) . Many litters included one or more piglets which either: (1) weighed at least 300 g less than the litter's mean birth weight, or (2) weighed 200-300 g less than the litter's mean birth weight and at least 100 g less than the immediately larger member of the litter. These were identified as 'low-birth-weight piglets'. All other piglets in these litters were classed as 'higher-birth-weight piglets'. This classification was designed by Robert et al. (1995) to simulate the judgement that a stock person might make in identifying piglets with birth weights well below the range of most of the litter. There were 41 litters where no animals met the criterion for low-birth weight piglets; these litters were omitted from this analysis. The remaining 193 litters included from 1 to 5 low-birth-weight piglets, with an average of 2.1. Weight gain and survival data were analyzed by analysis of covariance with piglet birth weight class (low-or higher-birth-weight) blocked within litters. In this analysis, birth weight, followed by birth weight class and its interactions with litter size and parity, were tested against an error term based on within-litter variation. In this way, we could assess the additional contribution of birth weight class to weight gain and survival after taking actual birth weight into account. All effects were tested after removal of the sow effect as a blocking term.
Analysis of variance was used to test whether there were differences between litters with and without lowbirth-weight piglets in number of piglets born alive, mean birth weight, birth weight CV, percent survival to weaning, number of piglets weaned, mean weaning weight, and weaning weight CV. The model included litter 'classification' (litters with or without low-birth-weight piglets) with the sow entered as a blocking term. The Kolmogorov-Smirnov one-sample test (SYSTAT NPAR; Wilkinson, 1990) was used with each litter to test whether the original birth weights departed from a normal distribution. Probability plots and frequency distributions were graphed using SYSTAT SYGRAPH for all litters with distributions differing significantly from normal (Wilkinson, 1990) . The skewness value was also calculated for each litter. Skewness is a measure of symmetry of a distribution (Tabachnick and Fidell, 1989) . When a distribution is normal, skewness values are zero. A negative skewness value indicates that the majority of piglet birth weights were above the litter mean while a minority had birth weights substantially below. A positive skewness value indicates that the majority of birth weights were below the litter mean while a minority had birth weights substantially above.
Results
The number of live-born piglets in a litter was negatively correlated with mean piglet birth weight and positively correlated with the CV of litter birth weights; mean piglet birth weight and the CV of litter birth weight were also negatively correlated (Table 1) .
Several measures at birth showed a consistent pattern of change as the sows aged (Table 2 ). First and second parity sows produced fewer piglets per litter than middle-aged or old sows (P < 0.001). The percentage of pigs born dead increased sharply among old sows; consequently the number of pigs born alive peaked among middle-aged sows and then declined. Number of piglets born was significantly correlated with the percent of piglets born dead ( = 0.284; 1,414 = 36.196; < 0.001). Even after adjustment for this trend, the percentage of piglets alive was significantly (P < 0.001) lower in litters from gilts than in litters from sows of higher parity, even after adjustment for number of piglets born (Table 2) . Birth weight CV was lowest in litters from gilts and highest in litters from old sows, but this difference was not statistically significant after adjustment for number of piglets born (Table 2) .
Percent survival to weaning was highest in litters with fewer piglets born alive, high mean birth weight, and a low birth weight CV (Table 1) . Percent survival to weaning was particularly low in litters with both low mean birth weight and high birth weight CV (Fig. 1) . In the ANCOVA, percent survival to weaning was significantly related to number of live piglets (P = 0.024), birth weight CV (P = 0.004) and the interaction of birth weight CV and mean birth weight (P = 0.007), but not mean birth weight. Percent survival to weaning was lowest from old sows and highest in litters from 2nd parity sows (Table 2) , but parity had no significant effect in the ANCOVA after adjustment for number of piglets born alive, mean birth weight, and birth weight CV.
Mean weaning weight was highest in litters with fewer piglets born alive (P < 0.001 by ANCOVA) and high mean birth weights (P = 0.019 by ANCOVA), but there was no significant relationship with birth weight CV or parity (Table 1) .
Weaning weight CV was lowest in litters with few piglets born alive, high mean birth weight, low birth weight CV (Table 1) , and litters from gilts (Table 2 ). In the ANCOVA, weaning weight CV was significantly related to number of piglets born alive (P = 0.011), mean birth weight (P = 0.008), birth weight CV (P = 0.016) and parity (P = 0.027).
Because CV involves dividing the standard deviation (S.D.) by the mean, we repeated the correlation between weaning weight variation and birth weight mean using S.D. in place of CV as the measure of variation; the results showed that weaning weight S.D. was also highest in litters with low mean birth weight � = -0.192; 1,232 = 8.837; < 0.005�.
Low-birth-weight piglets had lower survival (74.5%) than higher-birth-weight piglets (94.0%; Table 3 ). The effect of birth weight class (low-or higher-birth-weight piglets) on percent survival remained significant (P < 0.005) even after adjusting for birth weight as a covariate. The difference in percent survival between low-and higher-birth-weight piglets was greatest in litters of 12 or more piglets and in litters from old sows (Table 3 ). These differences resulted in significant interactions (P < 0.005) of birth weight class with both parity and litter size.
Low-birth-weight piglets had lower weaning weights than higher-birth-weight piglets (Table 3 ). The effect of birth weight class on weaning weights was not significant (P > 0.2) after adjustment for birth weight as a covariate. Analysis of variance of weaning weight showed a significant (P < 0.001) effect of birth weight, but not of birth weight class, nor of the interactions between birth weight class and sow age and litter size.
Compared to the 193 litters with low-birth-weight piglets, the 41 litters without low-birth-weight piglets had significantly fewer live piglets (P < 0.005 by ANOVA), higher mean birth weights (P = 0.01), lower birth weight CVs (P < 0.001), and higher percent survival to weaning (P < 0.01), as well as a non-significant trend toward fewer piglets weaned, higher mean weaning weights, and lower weaning weight CVs (Table  4) .
Standardized birth weight scores for the 4222 piglets showed a significant negative skew (skewness value = -0.342; P < 0.001) with a broader range of values below the mean than above it (Fig. 2) . No piglets fell > 3 S.D. from the litter mean. Of the 129 piglets that fell > 2 S.D. from the litter mean, 104 were below and 25 were above. Birth weight skewness values, calculated for each litter separately, showed that 310 of the 416 litters (74.5%) were negatively skewed (Fig. 3) , with a mean skewness value for all litters of -0.358. In 45 litters (10.8%), birth weight distribution differed significantly (P < 0.05) from normal. The mean skewness value for these 45 litters was -0.750.
Discussion
The present study found that high birth weight variation, particularly in litters of low mean birth weight, was associated with low percent survival, independent of litter size and parity. Results from both observational studies (Pettigrew et al., 1986; English and Smith, 1975) and the experimental data of English et al. (1977) suggest that birth weight variation is a major contributor to poor pre-weaning survival. Our results are consistent with this hypothesis. Nonetheless, there are often conflicting results. Van der Lende and de Jager (1991) found that birth weight distribution had no significant effect on preweaning survival after correction for litter size. Our own earlier study (Milligan et al., 2001a) found that cross-fostering at birth to minimize birth weight variation did not significantly improve pre-weaning survival, although there was a weak tendency in that direction. However, that study excluded very light and unhealthy piglets, litters with more than 12 piglets, and litters raised by sick sows. Although suggestive, our present analysis of birth weight variation does not allow us to conclude that high-birthweight variation by itself will result in low survival; small piglets are thought to be at greater risk of death than large piglets (English, 1998) , and litters with highly variable birth weights may simply have more very light piglets with a high risk of death. Compared with heavier litter-mates, low-birth-weight piglets take longer to consume colostrum, consume less colostrum, and are more susceptible to chilling and crushing by the sow (Cutler et al., 1999) . These early differences can have a significant impact on later survival and weight gain of low-birth-weight piglets (Hoy et al., 1994 (Hoy et al., , 1995 Leenhouwers et al., 2001 ). Because our 'birth weights' were recorded some hours after birth, the deaths and weight gains that occurred in the first hours are not captured in the data. Thus, pre-weaning deaths were likely slightly underestimated and the difference in birth weight between the heavier and lighter litter-mates were likely slightly overestimated in this study. However, 'birth weights' in this study were obtained at the time most producers would process litters and make management decisions such as cross-fostering. Hence, the data are relevant to management decisions, as well as providing close approximations to true birth weight and survival. Furthermore, the timing of birth weight measurements is comparable to that of many other studies of birth weight and birth weight variation (Fraser et al., 1979; Thompson, 1986, 1991; Fraser, 1986, 1988; Gardner et al., 1989; Van der Lende et al., 1990; Robert et al., 1995) .
There was a significant trend for piglets that fell within the low-birth-weight class to have a higher risk of death than higher-birth-weight piglets, even after adjustment for actual birth weight. A similar conclusion was reached in a study comparing light pigs raised in control or in litters cross-fostered to produce litters with uniform birth weights (Marcatti Neto, 1986 ; but see Aherne, 1999) . We also found that piglets in the low-birth-weight class had particularly low survival in larger litters and litters from sows of sixth parity or older than piglets in the higher-birth-weight class. Small piglets are expected to be at greatest risk of death in large litters because of the large number of competitors, and in litters of older sows because of more variable access to functional teats (English et al., 1977; Cutler et al., 1999) . In our previous study, where the difference in birth weight of light and heavy litter-mates was exaggerated by cross-fostering, the results showed only a slight improvement in survival by fostering low-birth-weight pigs to litters of similar birth weight (Milligan et al., 2001b) ; however, as noted above, that study excluded very light and unhealthy piglets, litters with greater than 12 piglets, and sick sows. Birth weight variation was not a significant predict tor of mean piglet weaning weight. This result is similar to correlation studies (e.g. Pettigrew et al., 1986) and one experimental study (Milligan et al., 2001a ) that did not find a significant relationship between birth weight variation and mean piglet pre-weaning weight gain. Consistent with previous studies, the present study also found a negative correlation between the mean weaning weight of a litter and litter size, and a positive correlation between mean weaning weight of a litter and mean birth weight. The low mean weaning weight of piglets in large litters was likely due to the reduction in milk available per piglet. Sows with larger litters produce more milk but the extra milk is not proportional to the number of extra piglets (Auldist et al., 1998) . The effect of mean birth weight on mean weaning weight may be due in part to the ability of large piglets to stimulate teats to produce more milk than small piglets King et al., 1997) .
Piglets that fell within the low-birth-weight classification did not gain less than piglets of similar weight that did not fall within this classification, even within large litters and litters raised by old sows. These results, along with those of Milligan et al. (2001b) , bring into question the hypothesis that low-birth-weight piglets are at a competitive disadvantage with regard to pre-weaning weight gain, when raised with similar-sized litter-mates compared to heavier litter-mates (English, 1998; English and Morrison, 1984) . In an earlier study, piglets of medium birth weight gained less weight when assigned to litters with heavier litter-mates than when assigned to litters with lighter litter-mates (Fraser et al., 1979) . Cross-fostering low-birth-weight pigs to create litters of similar birth weight has also been shown to improve weight gains of low-birthweight piglets in one study (Marcatti Neto, 1986) but not another (Aherne, 1999) . This is obviously an area that requires further research.
Litters with more variable weights at birth continued to have more variable weights at weaning, as noted by Thompson and Fraser (1986) and Milligan et al. (2001a) . Individual variation in teat productivity (Fraser et al., 1992) can introduce variation in weight gain, while differences in a piglet's ability to stimulate and/or drain teats (Algers et al., 1991) tend to exaggerate initial differences in piglet weights. Variation in weaning weights is a major concern to the pig producer because it results in increased labor, complicated management, and reduced profits (Roberts and Deen, 1995) . If for no other reason, crossfostering to minimize birth weight variation may prove beneficial to the pig producer as a means of reducing weaning weight variation.
Litters with many piglets, low mean birth weight, and older mothers were more likely to have high variation in weaning weight. Variation in milk production between individual teats increases with parity, and the tendency for anterior teats to provide more milk becomes more pronounced in older sows Fraser et al., 1992) . Older sows, with more pendulous udders, also experience greater difficulty than younger sows in exposing the more posterior teats at nursing (English et al., 1977) . Thus, as parity increased, piglets may have been suckling from teats that were more variable in both milk production and accessibility. In large litters some piglets, especially those with lower birth weight, may also have been required to suckle teats with poor milk production, resulting in more variable weaning weights. Poor weight gains and low survival of light piglets may also be explained partly by the fact that they are born weaker and have more difficulty maintaining body temperature than large piglets (Cutler et al., 1999) . In litters with low mean birth weight, the presence of light piglets may explain the tendency of such litters to have low mean wean weights and more variable weaning weights than litters with high mean birth weights.
Older parity sows are often culled because of reduced numbers of piglets born and weaned (D'Allaire et al., 1992) . By restricting our analysis to sows that farrowed at least eight times we have likely excluded sows that were culled due to poor performance. As a result, our results may not be applicable to sows with poor performance such as small litter sizes. Nonetheless, we believe our results are important because there is so little known about the effect of parity on the parameters studied and most sows with poor performance are culled anyway. Parity had a significant effect on several birth measures including number of piglets born, number of piglets born alive, percent of stillborn piglets, mean birth weight, and birth weight CV. As in other studies, litter size was greatest from middle-aged sows (English et al., 1977) . Increased litter size is likely due to an increase in ovulation rate and embryonic survival with parity (Wrathall, 1971 ). An increase in percent of stillborn piglets with sow age may be due to a decrease in uterine muscle tone with higher parity, leading to a higher rate of intrapartum deaths (Bille et al., 1974) . Intrauterine growth retardation and birth weight variation are evident by 35 days post-implantation and are likely a consequence of foetus spacing (Gama and Johnson, 1993; Van der Lende et al., 1990) . Hence, the increase in birth weight between first and second parity litters was likely due to an increase in available uterine space (Gama and Johnson, 1993) . The subsequent decline in mean birth weight was likely due to increased litter size and a consequent decrease in uterine space per piglet. As reported by Pettigrew et al. (1986) birth weight variation was highest in middle-aged and old sows.
We found that the majority (75%) of litters had negatively skewed birth weight distributions. Our results confirm that piglet birth weights within a litter sometimes depart from a normal distribution, almost always because of a wider range of weights below the litter mean. Similar results have been found in pigs and other polytocous species (Van der Lende and de Jager, 1991; Wooton et al., 1983) . The greater number of small animals likely reflects a degree of fetal growth retardation for at least some offspring (Perry and Rowell, 1969) .
As average litter size has increased gradually over generations with selective breeding, pre-weaning survival has decreased and the number of small pigs per litter has increased (Cutler et al., 1999) . In this study, litters with low-birth-weight piglets started out with more piglets born alive, but had a lower percent survival (with the majority of deaths being low-birth-weight piglets), and did not wean a significantly greater number of piglets than litters without low-birth-weight piglets. Selection for increased litter size that results in more low-birth-weight piglets may not provide a benefit to the producer unless measures are undertaken to improve the survival of low-birth-weight piglets.
